In materials confined within nanometer channels in singlewalled carbon nanotube (SWNT) bundles, interesting properties which are not observed in bulk materials are expected. In the present paper, we report an X-ray diffraction (XRD) study on water adsorption in SWNT bundles. It was found that a substantial amount of water is absorbed inside SWNTs at room temperature (RT). The desorption-adsorption of water molecules occurred reversibly above RT. We found that the liquid-like water is transformed into a new solid form, i.e., ice nanotubes, at 235 K.
Single-walled carbon nanotubes (SWNTs) crystallize into bundles with the closest-packed triangular la ttice, where nanometer channels are present inside and outside each SWNT [1] [2] [3] . These channels [4] [5] [6] [7] [8] [9] [10] can accommodate a large variety of molecules and atoms, and is expected to show interesting properties [11] [12] [13] [14] [15] which cannot occur in bulk materials. In particular, water in SWNTs is one of the most interesting molecules because the similar situations can be found in many systems in nature [13] [14] [15] . Recent computer simulations have demonstrated novel features in water confined inside SWNTs, such as the formation of polygonal ice nanotubes 13 and unique water conduction 15 through SWNT channels. However, relevant experimental observations have not yet been established. Here, we report a systematic X-ray diffraction (XRD) study 16 on water ads orption in SWNT bundles . The raw soot of SWNTs used was prepared by laser vaporization of a carbon rod including Ni and Co catalysts 3 , and then purified as previously reported 17 . For XRD experiments, the SWNTs were sealed in a quartz capillary with water vap or at room temperature (RT) after removing adsor bed gases 8, 18 by heating in vacuum at ~800 K. The average diameter of the SWNTs used was 1.35 to 1.38 nm, close to 1.37 nm of the (10, 10) SWNT. Powder XRD data were collected in the temperature range from 90 K to 570 K using a synchrotron radiation with a wavelength of 0.1000 nm at beam lin e BL1B in Photon Factory, KEK, Japan. We also studied empty SWNTs 1,2 , C 60 -peapods 7 , and double-walled carbon nanotubes 19 (DWNTs) for comparison. Figure 1 shows examples of XRD patterns taken above 300 K. These patterns can be understood on the basis of the twodimensional hexagonal lattice 3 . Broadening of each peak is due to the rather small bundle thickness, 10-100 nm in diameter, and the XRD peak profiles are strongly modulated by the tube-form factor, as already extensively discussed 3, 8, 18 .
We first found that the intensity of peak 1 appeared at around Q=4.3 nm -1
, indexed as 10 based on the two-dimensional hexagonal lattice, increases with increase in temperature, and approaches that of the empty SWNT bundles above 470 K, as shown in the inset of Fig. 1 . With decreasing temperature to 300 K, the intensity almost returns to its initial value. These data indicate that the desorption or adsorption of water molecules occurs reversibly at around 450 K. In a previous work 8 , essentially the same behaviour was obs erved in SWNT materials in air; this was taken as evidence that air (N 2 , O 2 , and/or H 2 O) molecules can be absorbed inside SWNTs. However the species absorbed were not identified. Water is also known to affect conductivity of the SWNT mat 9, 11 , but the site of water molecules had not been identified. Here, the present results establish that SWNTs can accommodate water molecules inside. For further discussions, we simulated the XRD patterns using the three models for the radial density distribution of water inside the SWNT, as shown in Figs. 1(b) and 1(c). The SWNTs were assumed to be a homogeneous charged cylinder forming the closest-packed triangular lattice 3, 8, 18 . In the simulated profiles (Fig. 1b) , one of the main features that vary upon water adsorption is substantial depression of the peak 1 intensity irrespective of the density profile (models 1, 2 and 3), as observed experimentally. This is a tendency opposite to the case where adsorption occurs at the interstitial channels. In such a case, peak 1 intensity must increase. Thus, we are led to the conclusion that water molecules absorb inside SWNTs, as mentioned above. The average number of water molecules inside SWNT was estimated to be roughly 15 water molecules per 1-nm-long SWNT; C 11 H 2 O.
A justification of the present simulation is given by results of the comparison of the XRD patterns between the C 60 -peapods, DWNTs and K-doped C 60 -peapods. In the cases of C 60 -peapods and DWNTs, we expect the depression of the peak 1 intensity because the electron density inside SWNTs increases similar to the above models. This tendency was actually observed as shown in Fig. 2 . On the other hand, in K-doped C 60 -peapods, K ions have to occupy the interstitial channels because there is no sufficient room to accommodate the K ions inside. Thus, in this case, we observed an increase in the peak 1 intensity on K loading (not shown in the figure), as expected from the simulation.
Furthermore, the detailed inspections reveal features depending on the models: In model 1, the intensity of peak 2 (around Q=7.0 nm -1 ) is smaller than that of the empty SWNTs.
On the other hand, model 3 shows the opposite changes to model 1; the intensity of peak 2 increases while those of peaks 3 and 4 (around Q=8.5 and 11.3 nm -1 , respectively)
decrease. This expectation is justified by a comparison of XRD patterns of DWNTs and C60-peapods with those of the empty SWNT bundles. DWNTs are considered to be a typical example of model 3, while C 60 -peapods are somewhat closer to the case of model 1. The results in Fig. 2 confirmed the simulated tendency mentioned above, aside from showing that the relative intensities of peaks 2, 3 and 4 are very sensitive to the materials inside SWNTs, i.e., the density profile.
In the case of the water-SWNT system, based on these above considerations, we can conclude that the experimentally observed XRD profile at RT (Fig. 1) is most successfully described by model 2: The changes in the relative intensity of peaks 2, 3 and 4 on water adsorption are well described by model 2. (The shift of the Q-value for the minimum intensity at around Q=8 nm -1 also supports this interpretation. The shift is sensitive to the model; for model 1 it shifts to the low-Q region while for model 3 to the high -Q region. Experimentally, because the shift was negligible small, the density profile is most successfully described by model 2.) This distribution (model 2) is interestingly close to that of liquid-like water inferred from computer simulations 13 . Now, we discuss the low-temperature data. Figure 3a shows the typical XRD patterns taken at 255 K and 90 K. Below ~265 K at the sample position, the XRD peaks appear at Q>15 nm -1 due to the presence of bulk ice (hexagonal ice). Bulk ice was formed not only inside but also outside the XRD sample glass tube. Apart from these peaks, we find significant changes in the XRD profile below 235 K. First, the intensity of peak 2 increases while those of 3 and 4 decrease. As already mentioned above, this tendency corresponds to the change from model 2 to model 3 in the water-density profile. To see this more clearly, we also plotted the differential XRD profile at temperatures between 255 K and 90 K in Fig. 3a . The observed features are essentially reproduced by the simulation for models 2 and 3, and their difference (Fig. 3b) . Thus, it is known that the liquid-like water is transformed into "water tubes" inside carbon nanotubes. Here, it should be stressed that lattice contraction effects 18 with temperature can be ignored because they show opposite changes to the present observation.
In addition, we found a new peak at Q~22 nm -1 below 235 K as shown in Fig. 4a . This peak cannot be assigned to bulk ice (denoted by * in Fig. 4a ). The temperature dependence of the intensity of this new peak is shown in Fig. 4b , along with that of peak 2 at Q=7.2 nm -1
. Similar variations in the intensities of both peaks imply that they have the same origin, indicating that the confined water inside SWNTs undergoes a structural transition to an ordered state with a tube like density profile . The changes are reversible with temperature and there is no observable difference for decreasing and increasing temperatures. The d-spacing estimated from Q=21.86 nm -1 at 90 K is 0.287 nm. The "icetube" diameter and its percentage inside SWNTs are estimated to be 0.68±0.05 nm and about 60 %, respectively. These observations lead us to a structural model for the confined water inside SWNTs below 235 K, as shown in Fig. 4c . This is exactly the ice nanotube proposed by Koga et. al 13 .
The ice nanotubes satisfy the so-called "bulk ice rule": Each oxygen atom has two donors and two acceptoers of hydrogen in a four-coordinate configuration. The one -dimensional lattice constant 0.287 nm is close to the nearest neighbor oxygen -oxygen (O -O) bond length in bulk ice of 0.276 nm. The icetube diameter of 0.68±0.05 nm is also consistent with that of heptagonal or octagonal ice, which has an O-O bond length of 0.28-0.29 nm.
Although the computer simulations seem to well reproduce the present results, it should be noted that the simulations were performed under axial pressures ranging from 50 to 500 MPa, and the critical temperatures ranged from 200 K to 300 K depending on the tube diameters (1.11-1.34 nm ) and the applied pressure. Experimentally, however, the measurements were performed at ambient pressure for SWNTs with an average diameter of 1.35 nm. We should also note that no evidence was observed for water adsorption at the inter tube channels with a diameter of approximately 0.26 nm. Geometrically, these channels cou ld adsorb water molecules. The reason why the adsorption can not occur may be related to different possible hydrogen-bonding networks of water molecules within the confined spaces, as well as different interaction of water molecule with the inside and outside of SWNT wall. These issues, as well as the detailed structures and natures of confined water in SWNTs, are left for future studies. 
